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Abstract 
Classical novae are common thermonuclear explosions in the Milky Way galaxy, occurring on the surfaces of white-dwarf stars 
that are accreting hydrogen-rich material from companion stars. Nucleosynthesis in classical novae depends on radiative proton-
capture reaction rates on radioactive nuclides. Many of these reactions cannot be measured directly at current accelerator 
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facilities due to the lack of intense, high-quality, radioactive-ion beams at the relevant energies. Since most of these reactions 
proceed via resonant capture, their rates can be determined indirectly by measuring the properties of the resonances. At the 
National Superconducting Cyclotron Laboratory, we have used the E-delayed J decays of 26P and 31Cl to populate resonances in 
26Si and 31S and study the radiative proton captures on 25Al and 30P, respectively. These were two out of the three most important 
nuclear-physics uncertainties associated with the observable products of nova nucleosynthesis. The 26P experiment has enabled a 
more accurate estimate of the nova contribution to the long-lived Galactic 26Al detected with J-ray telescopes. The 31Cl 
experiment, currently under analysis, will calibrate potential nova thermometers and mixing meters based on elemental 
abundance ratios, and facilitate the identification of pre-solar nova grain candidates found in primitive meteorites based on 
isotopic ratios. 
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1. Introduction 
Classical novae are luminous astrophysical transients that have yielded observational data spanning the 
electromagnetic spectrum. Roughly 5 to 10 novae are observed in the Milky Way galaxy per year, and there are 
likely about 4 unobserved events (obscured by dust in the galactic plane) for every observed one. Comparing the 
observations to models suggests that novae are thermonuclear runaways powered by explosive hydrogen burning on 
the surfaces of CO or ONe white-dwarf stars accreting hydrogen-rich material from companions in binary systems.  
 
Since energy generation and nucleosynthesis in novae depend on nuclear reaction rates, it is important to 
determine the reaction rates (mostly proton captures) experimentally. The rates of reactions on stable and long-lived 
unstable nuclides have already been determined by measurements at the relevant energies using proton beams and 
stationary heavy targets [1]. A few of the proton captures on unstable nuclides have been measured in challenging 
experiments using intense radioactive-ion beams, hydrogen-gas targets, and electromagnetic recoil separators [2]. In 
cases involving unstable reactants for which intense beams are not available, the rates can be determined by 
measuring the properties of the resonances using nuclear spectroscopy without inducing proton-captures directly. 
For example, the uncertainties associated with the reactions 25Al(p, J)26Si and 30P(p, J)31S influence nova model 
predictions of astronomical observables that could help to test fundamental assumptions and details in nova models 
[3].  
 
The Milky Way is known to harbor a few solar masses of 26Al because the characteristic 1.81-MeV J ray emitted 
following its E decay has been detected using space-based J-ray telescopes [4]. The spatial distribution of this 26Al is 
similar to that of active star-forming regions, providing evidence that most of the 26Al is produced in short-lived 
massive stars and their supernovae [5]. Ideally, the 26Al observations could be used to constrain models of massive 
stars and their contributions to the chemical evolution of the galaxy [6], but there are other potential sources of 26Al 
that need to be accounted for in order to do so accurately. For example, classical novae on ONe white dwarfs are 
expected to produce 26Al, but the amount depends on the rate of the experimentally-undetermined 25Al(p, J)26Si 
reaction [7].  
 
Novae have also been observed to condense dust grains in their outflows ([8], and references therein). Grains 
produced in novae that occurred prior to the formation of the Solar System were likely incorporated into the 
protosolar nebula. While the isotopic ratios in the solar system are mostly homogeneous now, certain grains from 
primitive meteorites have been analyzed in terrestrial laboratories and determined to have anomalous ratios. This 
indicates that they were formed in the outflows of stars and exploding stars prior to the formation of the solar system 
and they are, therefore, called “presolar grains” [9]. About a dozen SiC presolar grains have larger than solar 
30Si/28Si isotopic ratios that qualitatively match those expected based on nova models. However, the expected 
30Si/28Si ratios have large uncertainties due to the unknown 30P(p, J)31S reaction rate, which is a potential bottleneck 
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in the nucleosynthesis flow to higher masses. A slow reaction rate in comparison to the E decay half-life of 30P stalls 
nucleosynthesis at 30P, which E decays to produce large 30Si excesses (increasing the 30Si/28Si ratio) whereas a faster 
reaction rate reduces the 30Si/28Si ratio. 
 
The cross sections of radiative proton captures without orbital angular momentum transfer (l=0 captures) are 
unimpeded by centrifugal barriers. Thanks to an accident of Nature, the l=0 resonances in both the 25Al(p, J)26Si and 
30P(p, J)31S reactions can be populated using the selective process of E decay. The 25Al(p, J)26Si reaction, for 
example, is dominated by l=0 proton capture on the 5/2+ 25Al ground state to a 3+ 26Si resonance at an excitation 
energy of 5.93 MeV. A measurement of the small branch for J emission from this resonance would determine its 
strength and, hence, the reaction rate at nova temperatures. Conveniently, the E decay of 3+ 26P has a large 18% 
branch to this level providing an opportunity to observe the 1.74 MeV J ray of interest [10,11]. The case of the 30P(p, 
J)31S reaction is more complicated because there are several 31S states in the region of interest that could contribute 
to the reaction rate and many of their properties are either unknown or controversial [12]. However, the l=0 proton 
captures on the 1+ 30P ground state produce 1/2+ and 3/2+ resonances in 31S and, conveniently, the E decay of 3/2+ 
31Cl selectively populates 1/2+, 3/2+, and 5/2+ 31S levels providing an opportunity to distinguish the most important 
l=0 resonances and also some l=2 ones.     
 
2. Experiments 
 
We have measured the E-delayed J decays of 26P and 31Cl at the National Superconducting Cyclotron Laboratory 
using two different experimental set-ups. Fast beams of 26P (up to 100 ions/s) and 31Cl (on the order of 10000 ions/s) 
were produced using projectile fragmentation of a 36Ar beam on a 9Be production target and purified in-flight using 
the magnetic A1900 fragment separator [13] and a radio-frequency fragment separator [14].   
2.1 E decay of 26P 
In the case of 26P, the ions entering the experimental setup were identified on an event-by-event basis using Si 
PIN transmission detectors. Downstream of this they were implanted into a planar Ge double-sided strip detector 
(GeDSSD) [15]. The GeDSSD was used to detect the subsequent 26P E decays. The GeDSSD was surrounded by the 
Segmented Germanium Array (SeGA) in a “barrel” configuration consisting of two eight-detector rings and used to 
detect E-delayed J rays [16]. 
 
The results of this experiment have been published recently [17]. Evidence for the 1.74-MeV E-delayed J ray of 
interest was observed at 3.9 standard deviations above background in the E-particle-gated J-ray spectrum (Figure 1). 
Supporting evidence was observed using coincidences with the secondary 1.40-MeV J ray. The intensity of the 1.74-
MeV J ray enabled a calculation of the corresponding 25Al(p, J)26Si resonance strength and thermonuclear reaction 
rate based on experimental 26Si information for the first time.  The rate was input into a state-of-the-art 
hydrodynamic nova simulation [18] to determine the amount of 26Al produced for various white-dwarf masses. It 
was concluded that up to 0.6 solar masses of 26Al in the galaxy could be from novae. 
 
 
2.2  E decay of 31Cl 
 
In the case of 31Cl, the beam intensity was too high to employ continuous particle identification. Instead, a 
retractable Si PIN-detector system was used to sample the beam composition periodically; a plastic scintillator was 
used for implantation of the beam and to detect E particles. An array of 9 high-purity Ge “clover” detectors 
surrounding the scintillator was used to detect the E-delayed J rays.  
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This experiment ran in February/March of 2014 and the data are currently under analysis. Figure 2 shows a 
preliminary E-delayed J-ray spectrum consisting of about 4% of the overall statistics collected during the run. The 
statistics and signal-to-background ratio are much higher in comparison to the most recent work on 31Cl [19]. Peaks 
corresponding to high energy J-ray transitions from the well-known 1/2+ 6.26 MeV and 3/2+ 6.28 MeV 31S states are 
clearly visible, and a peak that might correspond to a new transition from the 5/2+, 6.39 MeV state is evident. With 
the complete data set, very high statistics on 31S J rays and J-J coincidences between 0.1 and 7.5 MeV will be 
available enabling the construction of a detailed decay scheme. According to sd shell-model calculations [20] and 
preliminary analysis of this data set, sensitivity to all 1/2+, 3/2+, and 5/2+ states in the region of interest for the 30P(p, 
J)31S reaction may be achievable.  
 
Fig. 2. Preliminary 31Cl E-delayed J-ray spectrum showing approximately 4% of the total statistics acquired. 
Fig. 1. 26P E-delayed J-ray spectrum showing the peak corresponding to the 1.74-MeV transition of interest. In Ref. [17], the features of the 
spectrum are identified and a fit is shown. 
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3. Conclusions 
 
The 25Al(p, J)26Si and 30P(p, J)31S reactions influence important observables associated with classical nova 
explosions in the Milky Way. It is currently not possible to study the resonances in these reactions directly at the 
relevant energies because intense radioactive ion beams of 25Al and 30P are not available. Instead, we have exploited 
the selectivity of nuclear E decay to populate the l=0 proton resonances in 26Si and 31S using sources of 26P and 31Cl, 
respectively. The results of the 26P experiment have constrained the classical-nova contribution to the observed 26Al 
radioactivity in the Galaxy. Preliminary analysis of the 31Cl data indicates that it will contribute significantly to the 
identification of nova stardust samples on Earth.   
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